Neotropical ecosystems house levels of species diversity that are unmatched by any other region on Earth. One hypothesis to explain this celebrated diversity invokes a model of biotic interactions in which interspecific interactions drive diversification of two (or more) lineages. When the impact of the interaction on diversification is reciprocal, diversification of the lineages should be contemporaneous. Although past studies have provided evidence needed to test alternative models of diversification such as those involving abiotic factors (e.g., Andean uplift, shifting climatological regimes), tests of the biotic model have been stymied by lack of evolutionary time scale for symbiotic partners. In this study, we infer timescales for diversification of hummingbirds and a species-rich plant lineage that is ,50% hummingbird pollinated, Ruellia (Acanthaceae). Results demonstrate that hummingbirds originated about 20 million years before New World Ruellia and that all but one major hummingbird clade was extant before the plant group originated. Thus, the classic model of ''diffuse co-evolution'' between hummingbirds and this group of plants is rejected by our data. However, together with the observation that the Neotropical clade of Ruellia (,350 species) is far more species rich than its Old World sister group (,75 species), our results are consistent with the hypothesis that plant diversification in the Neotropics has been facilitated in part by a pre-existing diversity of hummingbirds. This hypothesis may find support in other lineages of Neotropical plants that similarly exhibit asymmetrical partitioning of species diversity in the Paleo-vs. Neotropics.
INTRODUCTION
The Neotropics are home to more species than any other terrestrial region of the world, thus serving as a crucial reservoir for life on Earth as well as a natural laboratory for understanding biological diversification (Raven 1976; Gentry 1982; Wilson 1988) . One of the longest running debates in ecology and evolutionary biology is that of causes of the latitudinal gradient in species diversity (e.g., time and/or area models, speciation and/or extinction rate models ; Wallace 1878; Haffer 1969; van der Hammen 1974; Stebbins 1974; Simpson 1980; Gentry 1982; Prance 1982; Burnham & Graham 1999; Fine et al. 2005; Mittelbach et al. 2007; Antonelli et al. 2009; Pennington et al. 2010; Hoorn et al. 2010; Rull 2011; see Hughes et al. 2013 and other papers in special issue of Bot. J. Linn. Soc.). Mittelbach et al. (2007 ;  Table 1 therein) organized ideas about causes of the latitudinal gradient into testable hypotheses based on biological processes, such as speciation and extinction in the context of geological time and geographical space. Among these ideas, the biotic interactions hypothesis posits that ''interrelationships between competing and symbiotic species become the paramount adaptive problem'' (Dobzhansky 1950: 220-221) that drives speciation to a much higher degree in tropical than temperate environments.
In discussing the biotic interactions hypothesis, Mittelbach et al. (2007) focused on niche dimensions added by such interactions and the relative strength of selection from biotic interactions as testable predictions. The authors concluded that this hypothesis remains little explored. We test here a prediction of the biotic interactions hypothesis that applies when closely interacting symbionts are involved: ecological interactions between the interactors should drive adaptive diversification of both lineages of interactors to yield a pattern of diffuse co-evolution (Ehrlich and Raven 1964) . If diffuse coevolution occurred, then we expect diversification between the interacting lineages to have been more or less contemporaneous, a prediction that is testable with time-calibrated phylogenies. The scarcity of studies that have as yet explored the diffuse co-evolution hypothesis may be attributable to a paucity of such phylogenies for species-rich clades of not just one but two or more lineages of interacting organisms. Here, we explore one conspicuous class of biotic interactions that epitomizes the importance of ecological interactions in the Neotropics: that between plants and their animal pollinators (Ehrlich and Raven 1964; Stebbins 1970) .
Hummingbirds (Trochilidae) are obligate pollinators of thousands of New World angiosperms. Both micro-and macroevolutionary studies involving hummingbirds and the plants they pollinate have revealed striking findings that suggest major roles for these birds in plant diversification: (1) single-locus mutations that lead to major changes in floral phenotype and animal visitation, thus facilitating rapid adaptive divergence (Bradshaw and Schemske 2003) ; (2) cases of intricate matching of morphologies of hummingbird bills and flowers (Lindberg and Olesen 2001; Temeles and Kress 2003; Temeles et al. 2013) ; (3) specialization onto hummingbirds as a primary mechanism for reproductive isolation in plants, thus facilitating plant speciation (Kay and Schemske Table 1 . Fossils of Acanthaceae used in this study, arranged phylogenetically. # refers to fossil number from a list of all 51 reports that we examined for this study (see Tripp and McDade, in press, for expanded information and discussion of fossil reports; criteria for acceptance included reliable identification and dating, and phylogenetic utility). Figure 1 shows nodes calibrated by these fossils. Calibration priors (lognormal mean, standard deviation, and zero offsets) are provided in (Tripp et al. 2013) . Because of its geographic source (Haiti), it is likely of a taxon with affinities to modern Dyschoriste (formerly Apassalus; see Tripp et al. 2013 ). Graham (1990) Trichantherinae ( Correlation between hummingbird and flowering plant diversity has been predicted additionally by earlier authors (Stebbins 1970; Bleiweiss 1998 ), but studies that dually examine evolutionary divergence times in these two groups are lacking. We tested the hypothesis that diffuse co-evolution has occurred between hummingbirds and a lineage of plants that is ,50% hummingbird-pollinated, Ruellia Juss. (Acanthaceae). Both hummingbird and plant groups contain hundreds of species, thus making them ideal for exploration of the biotic interactions hypothesis in a comparative framework. Largely contemporaneous radiations of the two lineages would provide support for the diffuse co-evolution hypothesis; in contrast, substantial temporal gaps between the diversification of hummingbirds and that of the plants would refute the hypothesis.
METHODS

Plant Dataset
The genus Ruellia contains ,350 species, of which ,275 occur in the New World (Tripp and Manos 2008) . In this study, we sampled 172 species of Ruellia (26 Old World [OW] + 146 New World [NW]), representing all major clades of extant species (McGuire et al. 2007; Tripp 2007) . Thirty-six outgroups that span the phylogenetic diversity of Acanthaceae (cf. McDade et al. 2008) were also included, for a total of 209 sampled plant species. To reconstruct phylogeny, we used concatenated sequence data from five regions: two nuclear (Eif3E, ITS + 5.8S) and three chloroplast (psbA-trnH, trnGtrnR, trnG-trnS). DNA sequence data assembled for this study (Appendix 1) were generated during our prior work on phylogenetic relationships among Acanthaceae using methods reported in Tripp and McDade (in press ) and Tripp and Fatimah (2012) . Sequences were aligned by eye in MacClade (Maddison and Maddison 2000) . Data from all loci were manually concatenated following observation of congruent relationships derived from individual partitions (data not shown). Following conservative criteria for assessing sequence homology, 4558 of the original 5191 characters that could be unambiguously aligned were retained for analysis. For Eif3E and psbA-trnH, only sequence data from Ruellieae (Tripp et al. 2013) were included in analyses due to hypervariability of these loci across all Acanthaceae (data not shown). A GTR + c + I model of sequence evolution with six gamma categories was applied to all five partitions because the complexity of this model can account for the behavior of any one of the individual partitions (Rogers 2001) .
To estimate divergence times, we used minimum ages of seven Acanthaceae fossils (Table 1) as priors to calibrate our phylogeny. As reported by Tripp and McDade (in press ), these fossils were scrutinized for validity and utility by rigorous study of reports for 51 total fossils (see Table 1 ; additional data on fossil reports presented in Tripp and McDade [in press] ). Only fossils that we accepted as both reliably identified and reliably aged were used in the present study. Our assessment of affinities to extant lineages is based on extensive knowledge of Acanthaceae systematics and the structural traits that are congruent with phylogenetic relationships (e.g., McDade et al. 2000a,b; Scotland and Vollesen 2000; Schwarzbach and McDade 2002; McDade et al. 2005; Tripp 2007; Daniel et al. 2008; McDade et al. 2008; Tripp et al. 2009; McDade et al. 2012; Tripp et al. 2013) . Fossils constrained the most recent common ancestor (MRCA) of the taxon to which the fossil could be unambiguously attributed. We applied zero offsets to reflect fossil minimum ages and then adjusted standard deviations such that 95% of the highest posterior density (HPD) intervals fell within the range encompassed by geologic ages to which fossils were attributed (Table 2) . Table 2 . Taxon sets (TS #) calibrated by age, and calibration priors used for each plant fossil. As in Table 1 , # refers to fossil number from a list of all 51 reports that we examined for this study (Table 1 in Tripp and McDade [in press ]). Figure 1 shows nodes calibrated by these fossils. Table 1 ); filled square indicates the hummingbird fossil calibration. Posterior probabilities for major clades and 95% HPDs given in Table 3 .
Hummingbird Dataset
The family Trochilidae contains ,330 species, all extant members of which occur in the New World. In this study, we used the DNA matrix of McGuire et al. (2007) , which includes 151 hummingbird species and 12 outgroups that span a range of phylogenetic diversity of Apodiformes (hummingbirds and swifts) and Caprimulgiformes (nightjars and relatives). This matrix includes concatenated sequence data from five regions: two nuclear (BFib, AK1) and three mitochondrial (ND2, ND4, flanking tRNAs), and is 4122 bp in length after alignment. In a rigorous exploration of model selection and performance using the above-mentioned hummingbird dataset, McGuire et al. (2007) reported that various partitioning strategies returned highly similar topologies with respect to hummingbird relationships and branch lengths. As such, we chose to apply a GTR + c + I model of sequence evolution with six gamma categories to all five partitions because the complexity of this model accommodates simpler models whereas the reverse is not true (Rogers 2001) .
To estimate divergence times, we used the only reports of fossil hummingbirds to date to calibrate the phylogeny (Mayr 2004 (Mayr , 2007 . Mayr convincingly argued that these northern European fossils, which he named Eutrochilus inexpectus Mayr, represent the sister taxon to crown Trochilidae, i.e., the clade that includes extant hummingbirds. Mayr dated these OW hummingbird fossils to the Rupelian (i.e., 33.9-28.4 million years ago [mya] ; International Commission on Stratigraphy 2013). We applied a zero offset of 28.4 to this prior and adjusted the standard deviation such that 95% of the highest posterior density (HPD) interval fell within the range encompassed by this geologic age (mean 5 1.0; standard deviation 5 1.9).
Divergence Time Estimations
We used BEAST (Drummond and Rambaut 2007) to simultaneously estimate phylogeny and divergence times within Ruellia and within hummingbirds, using the above matrices, each of which sampled about 50% of species diversity (Ruellia: 172 of 350 species, ,50%; Trochilidae: 151 of 331 species, ,46%). Rate heterogeneity across branches was permitted via implementation of a relaxed molecular clock and the uncorrelated lognormal distribution was implemented (Drummond et al. 2006 ). We used a uniform prior for UCLD means for each data partition, with an initial value of 1.0, an upper value of 100, and a lower value of 0.0. A Yule Process speciation model was specified for the tree priors (Gernhard 2008) , and a random starting tree was implemented. Fossil calibrations were input as lognormal probability distributions (Ho and Phillips 2009 ).
Tracer vers. 1.5 (Rambaut and Drummond 2007), LogCombiner v1.7.3, and TreeAnnotator vers. 1.7.0 were used to ensure sufficient sampling of posterior distributions, to thin sampled trees, and to construct maximum clade credibility trees keeping target age ''heights.'' Chains were run for 50 (plant) or 35 (bird) million generations, depending on when stable effective sample sizes (ESS values) were achieved. We also ran BEAST analyses sampling only from the prior (i.e., alignment-free) to explore effects of the remaining priors on the posterior distribution.
RESULTS
Our alignment-free BEAST analyses (sampling only from the prior) produced extremely low posterior probabilities and unreasonable taxon assemblages, indicating that our molecular matrices contained ample phylogenetic signal for tree reconstruction. The relationships recovered in our analysis of the plant dataset as well as the hummingbird dataset reflect relationships recovered in prior phylogenetic study of these two groups (Ruellia: Tripp 2007 and Tripp and Manos 2008; hummingbirds: McGuire et al. 2007 ).
Divergence Times
Results are inconsistent with a hypothesis of diffuse coevolution between hummingbirds and Ruellia ( Fig. 1): hummingbirds evolved in the middle Oligocene (28.8 mya, 95% HPD 5 28.4 to 29.9 mya) and diversified primarily in the middle to late Miocene ( Fig. 1, 2 ; Table 3 ) whereas New World Ruellia originated in the Late Miocene (9.0 mya, 95% HPD 5 8.3 to 13.5 mya) and diversified primarily in the Pliocene to Quaternary, with all major clades originating more recently than 7 mya ( Fig. 1, 3 ; Table 3 ). Table 3 reports the means, 95% HPD intervals, and posterior probabilities of divergence times for all major clades of hummingbirds and Ruellia. Our dates for hummingbird diversification largely corroborate dates estimated by Bleiweiss (1998) using DNA hybridization data from 28 hummingbirds and fossils from sister groups to construct a timescale. One exception is the estimated age for the split between hermits and non-hermits, which was 28.8 mya (95% HPD 5 28.4 to 30.0 mya) in our study but 17 mya in Bleiweiss's study. All but two major lineages of hummingbirds are estimated to have been extant by approximately 19 mya. The clade of Mountain gems (mean crown group age 5 15.6 mya, 95% HPD 5 17.0-13.8) and its sister group, Bee hummingbirds (mean crown group age 5 8.6 mya, 95% HPD 5 9.7-7.2), is estimated to be somewhat younger (mean 5 17.1 mya, 95% HPD 5 18.4-15.1).
R Fig. 2A-B . Maximum Clade Credibility Tree (as in Fig. 1 ) of hummingbirds, showing taxon labels and clade names (McGuire et al. 2007 ; Table 3 ) as well as branch posterior probabilities. The tree is split into two parts displayed on sequential pages.-A. Upper part.-B. Lower part. A thumbnail of the complete tree is provided alongside each partial tree. Our results indicate that the arrival of hummingbirds into the Neotropics predated that of Ruellia by nearly 20 million years; further, all but one clade of hummingbirds was in place well before the arrival of Ruellia. Although our analyses reject a scenario of contemporaneous diffuse co-evolution, they do not refute a hypothesis of pollinator-driven diversification of the plants via mechanisms such as floral isolation (Grant 1992 ) and pollinator discrimination (Schemske and Bradshaw 1999) . In contrast, we do not find evidence that Ruellia contributed to diversification of hummingbirds. Diversification of hummingbirds in the middle to late Miocene, prior to the establishment of Ruellia in the New World, is likely explained by multiple factors, both abiotic (Fine et al. 2005; Antonelli et al. 2009 ) and biotic. Over this time span, the Americas were geologically and climatologically dynamic, resulting in a changing mosaic of habitats across latitudinal, elevational, and rainfall gradients over geological time and space (Hoorn et al. 2010) . There is also ample evidence for correspondingly dynamic changes in floristic composition across these Neotropical habitats (Hoorn et al. 2010; Jaramillo et al. 2006) , leaving little doubt that hummingbird-pollinated plants that pre-date the arrival of Ruellia provided important resources for diversifying hummingbirds.
The remarkable species richness of flowering plants present in the Neotropics has been assembled in the context of these same historical factors and multiple kinds of biotic interactions. As well sampled and resolved phylogenies become available for clades that include Neotropical plants, the phylogenetic patterns that underlie species richness can be understood. A pattern emerging from our work and that of several colleagues is one of marked asymmetries in species diversity between richer New World compared to Old World sister clades (McDade et al. 2000a; McDade et al. 2005; Hansen et al. 2006; Kiel et al. 2006; Tripp 2007; Borg et al. 2008; Daniel et al. 2008; McDade et al. 2008; Tripp and Manos 2008; David and Anderson 2010; McDade et al. 2012; Yang et al. 2012; Drew and Sytsma 2013; Tripp et al. 2013) suggesting that high Neotropical diversity is an evolutionary phenomenon as well as an ecological one.
This study corroborates a growing consensus (e.g., Hughes et al. 2013 ) that full explanation of high Neotropical diversity will require synthesis of multiple ideas regarding sources of diversity, including both abiotic and biotic axes of speciation, as well as phylogenetic studies of lineages that occur in the New World. We anticipate contributing to this synthesis by expanding sampling of New World Ruellia to study phylogenetically patterned correlates of diversity in a spatio-temporal context.
Dating clades of organisms that are key actors in major symbioses such as pollinators and the plants they pollinate is of broad interest to biologists and others, owing to the implications that such results may have for understanding processes and patterns of evolution. Moreover, understanding the context for diversification may inform conservation efforts, which are particularly challenging when dealing with obligate partners (e.g., co-extinctions; Koh et al. 2004) . As wellsampled species phylogenies from diverse tropical clades continue to accumulate, we will have capacity to more fully explore biotic factors that have been hypothesized to facilitate diversification. In turn, we will have enhanced capacity to more comprehensively reconstruct the temporal context of the individual evolutionary histories that, together, have resulted in one of the most celebrated yet endangered biotas on Earth.
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